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SPACE SOLAR POWER SYSTEMS 
By C u t  Toliver, The Boeing Company, Houston, Texas 
Power from sunlight ---- a long-time dream of philosophers and inventors --- i s  be- 
coming an  engineering r e a l i t y .  Solar heating and cooling i s  beginning t o  undergo com- 
mercial development. A p i l o t  plant  phase has begun fo r  ground-based solar  e l e c t r i c  
plants.  The ult imate solar  power plant - a power s t a t i o n  i n  space ca l l ed  powersat - 
i s  being studied by Boeing. But why a power s t a t i o n  i n  space? I s n ' t  t h a t  prohibi t ively  
expensive and impractical? The Boeing Company does not think so, and i t s  f indings have 
been summarized i n  t h i s  repor t .  
GE3EFUL DESCRIPTION 
Two primary candidates f o r  a means of converting solar  power t o  e l e c t r i c a l  power 
i n  space e x i s t :  solar  c e l l s  (photovoltaic)  and thermal engines. Although Boeing i s  
invest igat ing both candidates with equal vigor,  t h i s  repor t  primarily deals with a 
thermal-engine concept ca l l ed  powersat. 
The powersat w i l l  be essen t ia l ly  continuously illuminated by sunlight (no night ,  
no weather) and w i l l  c o l l e c t  over s i x  times t h e  solar  energy f a l l i n g  on any equivalent 
s i z e  a rea  on Earth. Power beamed from the  powersat can be coupled t o  a converter s ta-  
t i o n  s i t e d  i n  any par t  of the  nation - o r  the  world, f o r  t h a t  matter - t o  provide 
continuous baseload e l e c t r i c  power (see f i g .  1 ) .  In  contras t ,  ea r ly  ground-based solar  
p lants  w i l l  produce intermediate load ( i . e . ,  only daytime) power and only i n  sunny re-  
gions. Continuous i l lumination a t  higher in tens i ty  o f fe r s  a po ten t i a l  economic advan- 
tage t o  spacebased solar  power i f  the  t ranspor ta t ion t o  space can be accomplished a t  a 
su f f i c ien t ly  low cost .  Boeingts s tudies  of the  system economics indicate  t h a t  t h i s  ac- 
complishment i s  possible and t h a t  the  outlook f o r  commercially competitive e l e c t r i c  
power from s a t e l l i t e s  i s  promising. 
The powersat envisioned by Boeing would use lightweight mirrors t o  concentrate sun- 
l i g h t  i n t o  a cavi ty  and thereby heat the  cavi ty  so t h a t  it serves a s  a "boiler." The 
heat would then be supplied t o  turbine generators similar t o  those i n  use a t  convention- 
a l  powerplants. These machines convert about a t h i r d  of t h e  input heat  energy t o  elec- 
t r i c i t y ;  the  other two-thirds ( the thermal pol lu t ion of conventional powerplants) is 
returned t o  t h e  environment. The powersat would use space rad ia to r s  t o  re rad ia te  t h i s  
unusable heat t o  space f a r  from the Earth. The e l e c t r i c i t y  would be converted t o  a 
microwave beam f o r  transmission t o  a receiving antenna on Earth f o r  commercial d i s t r i -  
bution .as e l e c t r i c  power. 
The powersat would be l a rge  -many square kilometers i n  s i ze  - but would produce 
great  amounts of power. A typ ica l  design requires  48.6 square kilometers (12 000 ac res )  
of mirrors f o r  10 000 000 kilowatts  of e l e c t r i c  output from the  ground s ta t ion.  Most of 
the  s a t e l l i t e  area  consis ts  of t h i n ,  r e f l ec t ive  p l a s t i c  f i lm, which minimizes the  weight 
t o  be transported t o  space. 
The powersat i l l u s t r a t e d  here ( f i g .  2)  i s  t h e  r e s u l t  of conceptual design s tudies  
performed a t  Boeing over the  pas t  year. The four power generation modules shown pro- 
v ide  a reasonable compromise between the  simplicity of a s ingle  l a rge  module and the  
p r a c t i c a l  considerations of t ranspor ta t ion and operation. 
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Each module consis ts  of a mainframe s t ructure  formed from fold-out t russes ,  a spi- 
derweblike f i l l - i n  s t ruc tu re  t o  support the p l a s t i c  f i lm mirrors,  10 000 t o  12 000 
1011.71-square-meter (0.25 ac re )  mirrors and t h e i r  spreader frames, a cavity heat ab- 
sorber surrounded by twelve 300-megawatt helium turbogenerators, and a heat radia tor .  
Attached t o  one of the  modules on a rota t ing jo int  a r e  the  microwave generator and an- 
tenna. The e l e c t r i c  power produced by the turbogenerators i s  routed t o  the  microwave 
generator fo r  conversion and transmission. 
The p a r t s  of t h e  s a t e l l i t e  are designed as  subassemblies f o r  t ranspor ta t ion by the  
space f re ighter .  For example, one turbogenerator with i t s  heat exchangers and acces- 
so r ies  can be packaged on a p a l l e t  f o r  a single-launch delivery;  the  p a l l e t  forms a por- 
t i o n  of the  wall  of t h e  cavi ty  heat absorber. Hexagonal p l a s t i c  f i lm mirrors can be 
folded and r o l l e d  so t h a t  many r e f l e c t o r s  can be launched together. 
Located i n  a s t a t ionary  o r b i t  35 405.6 kilometers (22 000 miles) above the Earth, 
the  powersats w i l l  be illuminated by sunlight more than 99 percent of the time. They 
w i l l  appear t o  hang motionless i n  t h e  sky, and a simple fixed-position array of antenna 
elements (dipoles)  w i l l  serve as  the  ground-based converter f o r  the  power beam. The 
converter a r ray  w i l l  be approximately 8.0 kilometers (5  miles)  i n  diameter. I t s  con- 
s t ruct ion and appearance w i l l  resemble cyclone fencing. 
ECONOMIC CONSIDERATIONS 
Cost and economic analyses have indicated promise of commercially competitive elec- 
t r i c  power costs  even i f  t h e  development of the  powersat i s  amortized by operational re-  
venues. A busbar cost  of 6.9 m i l l s  ($0.0069) per megajoule (25 m i l l s  ($0.025) per 
kilowatt hour) has been used i n  t h e  Boeing s tudies .  This r a t e  i s  about equal 
t o  projected busbar cos t s  f o r  nuclear power i n  t h e  1990's; it i s  s l i g h t l y  more than t h a t  
f o r  most current coal-fired e l e c t r i c  power generation but i s  cheaper than t h a t  fo r  cur- 
rent  o i l - f i r ed  power. The 25-mill busbar cost  enables an allotment of $60 b i l l i o n  f o r  
development and $13 b i l l i o n  per s a t e l l i t e ,  with use of an 8-percent discount r a t e ,  an 
investment horizon of 30 years  beyond beginning of service  of the  f i r s t  s a t e l l i t e ,  and 
addit ion of one s a t e l l i t e  (10 000-megawatt ground output)  per year t o  t h e  system. Cost 
studies indicate  t h a t  t h e  $13 b i l l i o n  per s a t e l l i t e  should be divided roughly as  $8 b i l -  
l i o n  f o r  s a t e l l i t e  hardware (including o r b i t a l  assembly costs  ) , $4 b i l l i o n  fo r  space 
t ranspor ta t ion,  and $1 b i l l i o n  f o r  the  ground s ta t ion.  Preliminary estimates of powersat 
system costs  f a l l  within these  targets .  
Technical f e a s i b i l i t y  of the  powersat concept i s  not i n  question. It could undoubt- 
edly work. The issue  i s  implementation a t  an acceptable cos t ,  such t h a t  an economically 
feas ib le  project  i s  t h e  r e s u l t .  Boeing's s tudies  have outl ined p rac t i ca l  approaches t o  
an economically promising system ( s e e  f i g .  3 ) .  
Closed-cycle turbogenerators o f fe r  efficiency,  compactness, l i g h t  weight, and low 
cost  f o r  conversion of heat  energy t o  e l e c t r i c i t y .  Helium turbines  a r e  under develop- 
ment f o r  Earth-based applications - the l a rges t  ye t  operated has a 50-megawatt ra t ing.  
Scale-up t o  t h e  projected powersat s i ze  of 300 megawatts would be a straightforward de- 
velopment; t h i s  s i z e  has been studied f o r  nuclear reac to r  applications.  The closed- 
cycle helium gas tu rb ine  provides compatibil i ty with des i rable  cycle-limit temperatures 
and enables use of high temperatures without corrosion or  oxidation. 
A simple geometric pr inciple  was used by Boeing t o  construct and t e s t  i n t r i n s i c a l l y  
f l a t  mirrors of metall ized p l a s t i c  f i lm during a h e l i o s t a t  research project  fo r  ground- 
based so la r  power. These mirrors a r e  very l i g h t  i n  weight and do not require precision 
par ts .  The t e s t  mirrors had 2.5 square meters (27 square f e e t )  of r e f l e c t o r  and weighed 
approximately 453.6 grams ( I  pound) each. The powersat would use thousands of mirrors  
and s imi lar  design, approximately 1114.8 square meters i n  s i z e  (12 000 square f e e t  or  
approximately 0.25 a c r e ) .  Each would be individual ly  steered by a small servo system t o  
d i rec t  i t s  energy t o  t h e  cen t ra l  cavity.  The use of s teered,  f l a t  mirrors provides the 
r e q u i s i t e  high concentration of sunl ight  a t  l i g h t  weight and low cos t  and el iminates the  
need f o r  a l a rge ,  massive high-precision s t ructure .  In space, the  protect ive  p l a s t i c  
bubble i s  not needed, 
The 54 431.1-megagram (60 000 t o n )  s a t e l l i t e  cannot be transported t o  o r b i t  i n  a 
s ing le  f l i g h t .  It w i l l  be assembled i n  space from subassemblies of manageable s ize .  
The National Aeronautics and Space Administration (NASA) Skylab program demonstrated the  
ef fect iveness  of pen working i n  space. The space assembly job i s  analogous t o  t h e  con- 
s t r u c t i o n  of powerplants on Earth, with t ranspor table  elements a t  a  f i e l d  locat ion.  
Transmission of the  converted power t o  Earth was ea r ly  recognized a s  a key problem. 
Microwave transmission s tudies  and experiments by t h e  NASA, J e t  Propulsion Laboratory 
(JPL), and Raytheon have demonstrated the pr inciple  of e f f i c i e n t  transmission. Ef f i -  
c iencies  of about 90 percent f o r  each of the th ree  transmission s teps  (e lec t r ic- to-  
microwave conversion, antenna-to-antenna transmission, and microwave-to-electric con- 
vers ion)  a re  indicated,  and these values lead t o  a predicted transmission l i n k  e f f  i- 
ciency of  70 percent or  be t t e r .  
System economics a r e  dependent on low-cost space t ranspor ta t ion.  Fl ight  t o  o r b i t  
i s  not i n t r i n s i c a l l y  expensive; t h a t  i s ,  t he  bas ic  energy cos t  i s  not high. The cost  
of propel lants  f o r  a large  rocket  ( sa tu rn  or the projected' space f r e i g h t e r )  i s  l e s s  than 
$11.02/kg ($5/ lb)  of payload. The h i s to ry  of rocket  development from Vanguard t o  Saturn 
shows reduced cost  through increased eff ic iency and size.  By p a r t i a l  reuse, the s h u t t l e  
w i l l  e l iminate  a l a r g e  p a r t  of the  highest  cost  element of Saturn. Through complete re- 
use,  e f f i c i ency  t h a t  r e s u l t s  from l a r g e  s i ze ,  and eff ic iency t h a t  r e s u l t s  from using 
launch crews a t  high launch r a t e s ,  the  space f re igh te r  can keep cos t s  below $44.09/kg 
($20/lb),  according t o  Boeing studies.  
SEX'UF AND OPERATION METHODOLOGY 
The s i z e  of the  powersat i s  awesome, primarily because normally space payloads a r e  
throught of a s  being f u l l y  assembled on Earth and then launched i n t o  space. Skyscrapers, 
dams, o r  nuclear powerplants would be equally awesome i f  they were thought of a s  being 
transported,  f u l l y  assembled, from one place t o  another on Earth. 
Powersat p a r t s  and subassemblies would be transported t o  a low Earth o r b i t ,  s imi lar  
t o  the  Skylab o r b i t ,  i n  hundreds of f l i g h t s  of a low-cost space f r e i g h t e r ,  shown i n  com- 
parison with t h e  Apollo-Saturn moon rocket i n  f ig .  4. The f r e i g h t e r  would burn non- 
pol lu t ing hydrogen f u e l  a s  d id  the  Saturn upper stages.  I t s  " fa t  Albert" shape provides 
a large-volume payload bay and enables controlled aerodynamic re tu rn  t o  Earth and a 
rocket-arrested s o f t  landing. The f re igh te r  shown has been sized f o r  226 796.2 ki lo-  
grams (250 t o n s )  of payload &.nd would use space s h u t t l e  engine technology and a water- 
cooled heat  shie ld  t o  achieve t o t a l  r e u s a b i l i t y  and a ground handling time between 
f l i g h t s  of l e s s  than 1 day. 
The des t inat ion of the  space f re igh te r  i s  an assembly s t a t i o n  i n  space, manned by 
a construction crew. In  t h e  zero g rav i ty  of o r b i t ,  the  l ightweight s t ruc tu re  of the  
powersat can be sa fe ly  deployed with a minimum of e f f o r t  and a l l  the  p a r t s  can be in- 
s t a l l e d ,  connected, and checked out. 
Completed power generation modules would be e f f i c i e n t l y  t r ans fe r red  t o  a s t a t ionary  
o r b i t  a t  35 405.6 kilometers (22 000 miles)  by e l e c t r i c  rockets drawing e l e c t r i c  power 
from the  modules. The low t h r u s t  of the e l e c t r i c  rockets  would not overs t ress  the  
lightweight s t r u c t u r e  and could e f fec t  the t r ans fe r  i n  about 3 months. Small conven- 
t i o n a l  rockets would a s s i s t  the e l e c t r i c  rockets i n  keeping the  power module pointed a t  
the Sun. The e l e c t r i c  rocket  engines and t h e i r  controls  would be returned t o  the as- 
sembly s t a t i o n  t o  be used again and again. Final  assembly of t h e  powersat occurs i n  
the  operational  o r b i t  by joining the  modules together and a t taching the microwave t rans-  
mi t t e r ,  t ransported by one of the power generation modules, a t  i t s  operating posit ion.  
The power transmission system must e f f i c i e n t l y  move the e l e c t r i c  energy obtained 
from the Sun over 35 405.6 kilometers (22 000) miles of space t o  the Earth 's  surface 
f o r  use. Efficiency i s  c r i t i c a l .  To maintain the  same use fu l  power output on the  
ground i f  transmission eff ic iency i s  reduced 10 percent,  the  e n t i r e  powersat must be 
made 10-percent l a rge r .  
Wireless transmission of power, r a the r  than j u s t  s ignals ,  has been foreign t o  our 
thinking. However, the  p o s s i b i l i t y  was o r ig ina l ly  recognized by Nikola Tesla about 75 
years ago. Recent experiments a t  Ray-theon and the JPL have demonstrated overa l l  l i n k  
e f f i c i enc ies  g rea te r  than 50 percent. S t i l l  t o  be accomplished a r e  the major engineer- 
ing developments of precis ion e lec t ronic  phase control  f o r  beam forming and f u r t h e r  con- 
version element ef f ic iency improvement t o  reach t h e  projected 70-percent transmission 
efficiency. 
The transmission system would use amplitron radiofrequency generators much l i k e  
microwave oven tubes,  and a wavelength of approximately 12.7 centimeters ( 5  inches).  
Maximum beam s t rength  a t  t h e  center  of the receiving antenna i s  approximately 484.4 W/m 2 
(45 w/ft2). A t  t h e  antenna edge, the beam s t rength  i s  well  below public exposure 
standards. 
SPACE TECHNOLOGY HISTORY AND POTENTIAL 
It i s  i n s t r u c t i v e  t o  contemplate the  h i s t c r y  of space technology when one i s  a t -  
tempting t o  imagine the  p o t e n t i a l  of i t s  future.  S t i l l  v iv id  a r e  images of t h e  e a r l y  
space vehic les  of t h e  l a t e  1950's climbing i n t o  t h e  Flor ida  sky, a l l  too  of ten  ending 
i n  a b r i l l i a n t  d isplay of flames, fragments, f a i l u r e ,  and f rus t ra t ions .  And j u s t  a 
decade l a t e r ,  the  ponderous Saturns rose slowly i n t o  the  same sky on Earth-shaking thun- 
der carrying men t o  leave ageless  footpr in ts  i n  t h e  s t e r i l e  dust  of another world. 
The h i s to ry  of "modern" space technology r e a l l y  goes back t o  Goddard's ea r ly  ex- 
periments, beginning with h i s  first liquid-rocket f l i g h t  i n  1926. The stage was quick- 
l y  s e t  f o r  development, over the  next 15 years,  of the  bas ic  l i q u i d  rocket ,  which cul- 
minated i n  t h e  10.9-megagram (12 ton)  German V-2 war rocket  of 1942 t o  1945. The next 
1 5  years saw performance improvements, increases i n  s i z e ,  and implementation of staging,  
a l l  of which resu l t ed  i n  vehic les  t h a t  could a t t a i n  o rb i t .  Early Russian spectaculars 
i n  space l e d  t o  the  American Apollo program. Steady improvements i n  r e l i a b i l i t y  and 
safe ty ,  increases i n  s i z e  and complexity, and use of high-energy f u e l s  put man on the  
Moon only 12  years a f t e r  Sputnik I was launched. 
Costs, a s  well  a s  t h e  achievements of space f l i g h t ,  became spectacular. The cur- 
r en t  t h r u s t  of space technology i s  toward lower cos t s  through reusable hardware and 
cost-optimized design. This t rend i s  on the  path t o  economic p r a c t i c a l i t y  of the  power- 
sa t .  But a powersat program cannot be moved up t o  i n  one big all-encompassing step.  A 
s e r i e s  of s t eps  a r e  needed, beginning with s tudies ,  concepts, and technology experiments 
(see f i g .  5) Space t e s t s  onboard the  s h u t t l e  per ta in ing t o  fold-out s t r u c t u r e ,  de- 
ployment devices, microwave experiments, and the l i k e  ( see  f i g .  7 )  w i l l  proceed through 
pi lo t -p lant  prototy-pe hardware ground t e s t s  and design s tudies  of a space f re igh te r .  An 
o rb i t ing  subscale p i lo t -p lant  powersat w i l l  prove out the technical  f ea tu res  and capa- 
b i l i t i e s  needed t o  make the fu l l - s i ze  powersat an economically p r a c t i c a l  r e a l i t y ,  Then 
we w i l l  5e ready f o r  the  b ig  s t ep  t o  an  operational  powersat program. 
DEVELOPMENT PROGRAM 
How long would it a l l  take?  I s  t h i s  a next-century solut ion t o  a this-century pro- 
blem? Boeing's preliminary s tudies  have indicated t h a t  an order ly  three-phase develop- 
ment program ( see  f i g ,  7 )  could place the f i r s t  operating powersat i n  service  i n  approx- 
imately 1 5  years. This predic t ion i s  e n t i r e l y  consis tent  with the  h i s t o r i c a l  f a c t  t h a t  
s ign i f i can t  advances i n  aerospace technology require  from 12  t o  15 years  t o  reach f ru i -  
t ion .  
The f i r s t  phase is  a de ta i l ed  engineering analys is  and design-to-cost optimization 
study. Supported by t e s t s  and experiments i n  c r i t i c a l  a reas ,  t h i s  phase would y i e l d  
se lec t ion  of most design fea tu res ,  and higher confidence i n  system economics and would 
provide f irm d i rec t ion  and guidelines t o  the  succeeding advanced development phase. 
The second or  advanced development phase would develop and prove out,  by subscale 
f l i g h t  demonstration, a l l  t h e  c r i t i c a l  elements and fea tu res  of the  e n t i r e  system ex- 
cept the  space f re igh te r .  F l igh t  experiments and pi lo t -p lant  assembly and operation 
could be a p r inc ipa l  mission f o r  the space s h u t t l e  i n  the  early- t o  mid-1980's. 
The t h i r d  phase o r  fu l l -scale  deve lopen t  program would begin with design def in i -  
t i o n  and long-lead development of the space f re igh te r .  High confidence i n  i t s  perform- 
ance, cos t ,  and operational  c h a r a c t e r i s t i c s  would be ava i l ab le  when r e s u l t s  from the  
advanced development program merited a f i n a l  decision t o  proceed with the  e n t i r e  power- 
s a t  system. The development phase includes design and construction of the  ground and 
space f a c i l i t i e s  required t o  deploy one 10 000-megawatt s a t e l l i t e  per year. 
Forecasts  indicate  t h a t  by the  1990's the United S ta tes  w i l l  need t o  add between 
30 000 and 70 000 megawatts of new generating capacity per year (see  f i g .  8 ) .  The 
Boeing powersat economic analyses conservatively assumed capture of about one-fif th of 
t h i s  market. A greater  powersat addit ion r a t e  could be implemented i f  needed. 
CONCLUDING FU2MARKS 
Solar energy has bathed the  Earth throughout i t s  h is tory .  The ancient  Greeks had 
begun t o  recognize some of i t s  po ten t i a l s  f o r  man. Small machines using s o l a r  energy 
were b u i l t  and exhibited during the 19th century, but they were mostly c u r i o s i t i e s .  
Solar  energy powered Skylab; it has powered most of the  United S ta tes  spacecraft .  Now, 
i n  t h e  l a t t e r  p a r t  of t h e  20th century, i t s  po ten t i a l  value i s  beginning t o  be perceived 
a s  a l i m i t l e s s ,  permanent source of energy. 
Coal, "combustible rock," was known t o  ant iqui ty .  I t s  use on a commercial scale 
began i n  England during the  16th century. Petroleum was discovered i n  the  19th century, 
and petroleum-based l i q u i d  f u e l s  soon came in to  commercial use. During the  20th cen- 
tury ,  f o s s i l  sources of energy have been being depleted a mi l l ion times f a s t e r  than 
t h e i r  creat ion ra te .  As a r e s u l t ,  the age of petroleum i s  ending; but coal w i l l  be a 
p r inc ipa l  source of f u e l  u n t i l  a t  l e a s t  well in to  the  21st century. Also during the  
20th century, development has been i n i t i a t e d  on two a l t e rna t ive  sources of energy re-  
presenting "permanent" solut ions  - nuclear ( p a r t i c u l a r l y  fus ion)  and solar .  The need 
f o r  energy t o  provide power fo r  c i v i l i z a t i o n  i s  so c r i t i c a l  t h a t  a l l  promising sources 
should be pursued. 
Boeingqs s tudies  of t h e  powersat have resu l t ed  i n  t h e i r  consensus t h a t  the  most 
p r a c t i c a l  way t o  use s o l a r  energy for  e l e c t r i c  power on a l a r g e  scale may well be t o  
co l l ec t  it i n  space, without hindrance by darkness and weather. It i s  believed t h a t  
the  powersat should be considered a s  a promising long-range energy system and t h a t  cur- 
r en t  technology i s  s u f f i c i e n t l y  mature t o  i n i t i a t e  the  beginning s teps  toward i t s  de- 
velopment. 
The time f o r  a decision of major commitment i s  not now. The decision recommended 
now is  t o  begin in-depth engineering and economic study of power from space. Many 
incremental decision points ,  each dependent on successful  accomplishments, w i l l  
l ead t o  fu l l - sca le  deployment. The promising long-range po ten t i a l  of t h e  powersat i s  
there ;  now i s  t h e  time t o  take f i r s t  s teps .  
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